Mitochondrial dysfunction and oxidative stress have been implicated in cellular senescence, apoptosis, aging and aging-associated pathologies. Telomere shortening and genomic instability have also been associated with replicative senescence, aging and cancer. Here we show that mitochondrial dysfunction leads to telomere attrition, telomere loss, and chromosome fusion and breakage, accompanied by apoptosis. An antioxidant prevented telomere loss and genomic instability in cells with dysfunctional mitochondria, suggesting that reactive oxygen species are mediators linking mitochondrial dysfunction and genomic instability. Further, nuclear transfer protected genomes from telomere dysfunction and promoted cell survival by reconstitution with functional mitochondria. This work links mitochondrial dysfunction and genomic instability and may provide new therapeutic strategies to combat certain mitochondrial and aging-associated pathologies.
Introduction
Mitochondria produce ATP through oxidative metabolism to provide cells with energy under physiological conditions (Gunter et al ., 1994) . Mitochondria are also the major cellular source for generation of reactive oxygen species (ROS), while they are one of the main targets of ROS-induced oxidative damage (Wei et al ., 1998) . Mitochondrial dysfunction and oxidative stress have been implicated in cellular senescence and aging (Shigenaga et al ., 1994; Chen et al ., 1995; Sohal & Weindruch, 1996; Beckman & Ames, 1998; Wallace, 1999) . Alterations in mitochondrial structure and function are early events of programmed cell death or apoptosis and mitochondria appear to be a central regulator of apoptosis in most somatic cell systems (Green & Reed, 1998; Kroemer & Reed, 2000) .
Vertebrate telomeres consist of tandem repeats of the TTAGGG sequence that cap the ends of chromosomes, protecting them from degradation and fusion. The length of telomere repeats is primarily maintained by active telomerase, which is composed of Telomerase RNA (TR) and a catalytic subunit Telomerase Reverse Transcriptase (TERT) (Blackburn, 2001) . Extensive evidence has shown that telomere shortening and erosion lead to chromosome end-to-end fusions and genomic instability (Blasco et al ., 1997; Hande et al ., 1999) , causing replicative senescence in human cultured cells and possibly aging (Harley et al ., 1990; von Zglinicki et al ., 1995; Greider, 1996; Bodnar et al ., 1998; Herrera et al ., 1999; Rudolph et al ., 1999; Blackburn, 2000) . Maintenance of telomere length is proposed to be essential for bypassing senescence and crisis checkpoints in cancer cells (Greider, 1990; Greider & Blackburn, 1996) . Severe telomere shortening may also become a signal that triggers apoptosis Karlseder et al ., 1999) . We sought to determine whether a relationship exists between mitochondrial dysfunction and genomic instability. We investigated this relationship using early mouse embryos for which the viability of individual cells can be ascertained directly by observing cleavage.
Results
We used the protonophore carbonyl cynide p-trifluoromethoxyphenylhydrazone (FCCP) to uncouple mitochondrial electron transport and disrupt mitochondrial function in one-cell zygotes. The FCCP (750 n M ) disrupted mitochondrial function as indicated by dissipation of the mitochondrial membrane potential ( ∆ψ m ) (Fig. 1a) , coincident elevation of intracellular Ca 2+ (Fig. 1b) and abnormal oxygen consumption (data not shown). We further measured reactive oxygen species (ROS) production using the fluorescent probe CM-H 2 DCFDA and found that ROS production significantly increased 20 min after FCCP challenge and continued to increase as exposure time was prolonged (Fig. 1c) . The magnitude of ROS production varied among individual zygotes and a few did not show appreciable increases in ROS during the initial 45 min of FCCP exposure. The ROS production gradually occurred after disruption in ∆ψ m and the increase in intracellular Ca 2+ .
Embryo survival, assessed by cleavage, was compromised by FCCP treatment in a time-dependent manner (Fig. 1d,e) . Embryo viability was not evidently affected when treated with 750 n M FCCP for 15 min ( n = 108), but became progressively compromised when treated for extended periods. Treatment of zygotes with FCCP for 45 or 90 min significantly ( P < 0.01) reduced cleavage rate at 20 -22 h (52%, n = 128 or 35%, n = 119, respectively) compared to control zygotes (94%, n = 156) (Fig. 1e) . Some zygotes exposed to FCCP that had failed to cleave by 20-22 h underwent delayed cleavage by 48 h (arrowheads, Fig. 1d ), while zygotes that had cleaved at 20-22 h were 4-8 cells or uncompacted morula. By 48 h, control embryos had advanced to the compact morula stage of approximately 8-16 cells and by 72 h most (90%) had reached the blastocyst stage (Fig. 1d,e) . By contrast, only 43% of FCCP treated zygotes for 45 min and 24% for 90 min developed to blastocyst stage 72 h after treatment. Instead, 42% and 64% of zygotes treated with FCCP for 45 and 90 min, respectively, arrested before morula stage (mostly 2-7 cells in morphology) (arrowheads in Fig. 1d ). When exposed to FCCP for 180 min, no zygotes ( n = 96) cleaved.
We performed telomere analysis for both arrested and survived embryos using Q-FISH, which has become the method of choice for examination of both telomere length and loss in single cells (Lansdorp et al ., 1996; Zijlmans et al ., 1997) . Mitochondrial dysfunction induced by FCCP was accompanied by telomere attrition, telomere loss and chromosome fusion. At 6 h after FCCP treatment, the mean telomere fluorescence signal, indicative of telomere length, did not differ between the chromosome spreads of control zygotes and those treated with FCCP for 45 min ( n = 19 and n = 12, respectively, P = 0.14) (Fig. 2a,b) . At 24 h after FCCP treatment, the telomere fluorescence signals of two-cell embryos derived from FCCP-treated zygotes were significantly lower than those of control embryos ( n = 10 and n = 12, respectively, P < 0.0001) (Fig. 2b) . Similarly, at 48 h the telomere fluorescence signals of FCCP-treated embryos (four-cell to morula) were significantly lower than that of control embryos (compact morula stage) ( n = 21 and n = 24, respectively, P < 0.0001). Strikingly, developmentally arrested embryos (67%, n = 21) after FCCP treatment displayed telomere loss, chromosome fusion and breakage. Chromosome fusions occurred mostly at the p-arm that exhibits a brighter and narrower centromere region (Fig. 2a) .
At 72 h after FCCP treatment, a total of 38 arrested embryos were analysed, 17 at interphase, and many showed fragmented nuclei with telomere loss. Of the other 21 embryos with chromosome spreads, 19 (90%) showed telomere loss, chromosome fusion and more severe chromosome fragmentation (Fig. 2b ). These observations of telomere dysfunction resemble the Robertsonian fusions and genomic instability found in aging and late-generation telomerase-deficient mice (Blasco et al ., 1997; Lee et al ., 1998; Hande et al ., 1999; Rudolph et al ., 1999) , which involves a mechanism of fusion-bridge -breakage cycles (DePinho, 2000) . The sequential processes of ∆ψ m depolarization, aberration of mitochondrial Ca 2+ homeostasis, ROS production, telomere attrition and loss, and chromosome instability suggest that mitochondrial dysfunction may contribute to telomere dysfunction and genomic instability. Interestingly, metaphase chromosomes of blastocysts surviving from FCCPtreated zygotes did not show notable telomere attrition, compared to control blastocysts ( n = 30 and n = 38, respectively, P = 0.08) and might represent those that had not experienced significant increase in ROS after FCCP challenge. Moreover, we found that 61% of arrested embryos ( n = 36) at 72 h after FCCP treatment exhibited apoptosis, assayed by TUNEL, while control blastocysts that derived from untreated zygotes exhibited very low frequency of apoptosis ( ∼ 4%, Fig. 2c ). We also observed that cytochrome c was released from zygotes 7 h after FCCP treatment (data not shown). Cytochrome c release from mitochondria indicates early stage of apoptosis (Green & Reed, 1998) . If ROS generated by dysfunctional mitochondria led to telomere loss, genomic instability and cell death, then adding antioxidants might prevent embryos from telomere dysfunction and promote cell survival. The antioxidant, N-acetylcysteine (NAC), quenches ROS, forms cysteine by deacetylation, and increases glutathione, which itself can scavenge free radicals (Hockenbery et al ., 1993; Banaclocha et al ., 1997) . The NAC prevented ROS accumulation, telomere shortening and cell death induced by FCCP. The NAC (30 m M ) inhibited the increase in ROS in zygotes challenged by FCCP (Fig. 3a) . Zygotes cotreated with NAC and FCCP cleaved at 20 -22 h and developed to blastocysts at 72 h at a frequency significantly higher than that of zygotes treated with FCCP without NAC ( n = 75 and n = 113, respectively, P < 0.01), and indistinguishable from that of control embryos ( n = 76) (Fig. 3b,c) . The total cell number and percentage of apoptosis did not differ between blastocysts that developed from zygotes co-treated with NAC + FCCP and controls ( P > 0.05, Fig. 3d ). No telomere loss and chromosome fusion was observed in developed embryos after co-treatment with NAC and FCCP (Fig. 3e ). Zygotes exposed to FCCP without NAC showed ROS elevations (Fig. 3a) , compromised cleavage and survival (Fig. 3b,c) and telomere loss, chromosome fusion and / or extensive chromosome fragmentation (Fig. 3e ), consistent with observations described above. As an osmolarity control, 30 m M NaCl, co-treated with FCCP, affected neither ROS production nor embryo survival.
Nuclear transfer rescued some nuclei, removed from FCCPtreated zygotes that harboured dysfunctional mitochondria, by reconstitution with untreated cytoplasm to minimize the oxidative stress. Using micromanipulation, pronuclei were removed immediately from zygotes following exposure to FCCP for 90 min and reconstituted with untreated cytoplasm within 1.5 h by electric fusion (Fig. 4a-d) . The reconstituted zygotes ( n = 91) exhibited significantly improved cell survival, cleavage (61%) and subsequent development (61% morula and blastocysts), over the FCCP-treated zygotes (33% and 34%, respectively, n = 112) (Fig. 4e) . As a control for micromanipulation, untreated nuclei were transferred to untreated cytoplasm ( n = 89), and produced a cleavage rate at 20 -22 h and rate of development to morula at 48 h similar to control unmanipulated zygotes ( n = 116) (Fig. 4e) . Micromanipulated nuclear transfer control zygotes were negligibly retarded in forming blastocysts at 72 h compared to unmanipulated zygotes. Cell number, frequency of apoptosis, and telomere length in blastocysts derived from reconstituted zygotes with FCCP nuclei and untreated cytoplasm did not differ from nuclear transfer controls (data not shown). Although zygotes reconstituted from nuclei of FCCPtreated zygotes and untreated cytoplasm exhibited improved survival compared to FCCP-treated zygotes, their survival rate was lower than nuclear transfer zygotes and unmanipulated zygotes. In contrast to removal of nuclei immediately following FCCP treatment, nuclei removed 2 h after the completion of FCCP treatment and reconstituted with untreated normal cytoplasm 3-3.5 h later exhibited a low cleavage rate (38%, n = 42) that was not different ( P > 0.05) from that of FCCP-treated zygotes (30%, n = 44). Furthermore, delayed cleavage and developmental arrest were not improved, demonstrating that prolonged exposure to oxidative stress generates irreversible damage to nuclear DNA, which could not be rescued by nuclear transfer. It appears that nuclear transfer rescued some nuclei from embryos with compromised mitochondria provided they had not yet experienced extensive oxidative-stress.
Discussion
We have demonstrated that mitochondrial dysfunction generates ROS and leads to chromosomal instability via telomere attrition.
Removal of the genome and reconstitution with cytoplasm harbouring functional mitochondria prior to experiencing oxidative stress can rescue the DNA. Consistent with previous reports in other cell types (Dispersyn et al ., 1999; Ichas et al ., 1997; Armstrong et al ., 2001) , we observed that FCCP decreased mitochondrial membrane potential and increased intracellular Ca 2+ in mouse embryos. FCCP and other protonophores increase intracellular Ca 2+ by release from mitochondria, which reflects compromised mitochondrial function (Babcock et al ., 1997; Zhu et al. , 1999; Montero et al ., 2001) . Furthermore, we found that FCCP-induced mitochondrial dysfunction is followed by increased ROS production. It has been known that mitochondria play a central role in the life and death of cells (Kroemer & Reed, 2000) . Apoptosis was observed in developmentally arrested embryos by 72 h, but not at 24 h after FCCP treatment, despite considerable telomere attrition at this early stage, suggesting that telomere attrition occurs prior to apoptosis and may serve as an intermediate step between mitochondrial dysfunction and apoptosis. These results also suggest that telomere shortening may signal apoptosis Karlseder et al ., 1999) .
Direct administration of oxidants to cells damages DNA, breaks polyguanosine sequences in telomere repeats, and causes telomere shortening, cell cycle arrest and replicative senescence (Chen et al ., 1995; von Zglinicki et al ., 1995; Petersen et al ., 1998; Oikawa & Kawanishi, 1999; Saretzki et al ., 1999) . ROS can also oxidize proteins, especially during chronological process of aging in vivo (Berlett & Stadtman, 1997; Banaclocha et al ., 1997) , and it is possible that the ROS generated by compromised mitochondria may oxidize proteins necessary for telomere maintenance, such as telomerase, TRF1 or Ku (Blasco et al ., 1997; Van Steensel & de Lange, 1997; Vogel et al ., 1999; Hsu et al ., 2000) , resulting in genomic instability. The inhibitory effects of oxidant scavenger NAC on telomere attrition and cell death suggest that ROS are important mediators that link mitochondrial dysfunction and telomere shortening and loss, genomic instability, and apoptosis as well. The anti-apoptotic protein Bcl-2 binds to mitochondrial membranes and prevents apoptosis by acting as an antioxidant (Hockenbery et al ., 1993) . So, Bcl-2 might serve as an endogenous ROS scavenger as well to prevent ROS produced by mitochondria from damaging telomeres and generating chromosome instability. However, NAC did not rescue embryos from telomere attrition, cell cycle arrest and cell death if administered after FCCP treatment (data not shown). The results presented here, together with others, may help bridge theories implicating mitochondrial free radicals, telomere shortening and genomic instability in aging mechanisms.
Experimental procedures Animals, eggs and in vitro culture
Female B6C3F1 (C57BL /6XC3H/ He) mice were induced to superovulate by consecutive injection of eCG and hCG and mated with proven fertile males. Zygotes were collected from oviducts 20 -21 h after injection of hCG and cultured at 37 ° C in a humidified atmosphere of 7% CO 2 in KSOM (potassium simplex optimized medium) supplemented with non-essential amino acids as described (Lawitts & Biggers, 1993; Liu et al ., 2000) . All manipulations were carried out at 36-37 ° C on heated stages.
Analysis of mitochondrial membrane potential
Dynamics in the mitochondrial membrane potential ( ∆ψ m ) were measured by quantification of the change in fluorescence of cells stained with the probe tetra-methylrhodamine ethyl ester (TMRE) (Molecular Probes, Eugene, OR, USA) (Armstrong et al ., 2001) . Zygotes were loaded with 150 n M TMRE in KSOM for 30 min at 37 ° C and imaged in Hepes-buffered KSOM containing 50 nM TMRE, using an Attofluor™ RatioVision™ digital imaging system (Atto Instruments, Inc., Rockville, MD, USA) connected to an inverted epifluorescence microscope (Zeiss) and analysed using Attuofluor imaging software. Fluorescence was acquired at the excitation wavelength of 530 nm and emission of 580 nm and reduced with neutral density filters.
Measurement of intracellular [Ca 2+ ]
Radiometric fluorescent dye Fura-2AM was used to measure intracellular [Ca 2+ ]. Zygotes were incubated with 2.5 µM Fura-2/AM (Molecular Probes) in KSOM for 30 min at 37 °C then washed and calcium imaging was conducted at excitation wavelength of 334/380 nm and measured at emission wavelength of 520 nm using the Attofluor imaging system.
Measurement of intracellular reactive oxygen species
The intracellular production of reactive oxygen species (ROS) was determined using the fluorescent probe CM-H 2 DCFDA (Molecular Probes) (Xie et al., 1999; Nishikawa et al., 2000) . Zygotes were loaded with 5 µM CM-H 2 DCFDA at 37 °C for 25 min, washed, and CM-DCF fluorescence was measured at an excitation wavelength of 488 nm and an emission of 520 nm using the Attoflour imaging system. Percentage change in ROS is normalized based on the control set as 100%.
Detection of telomere length using quantitative fluorescence in situ hybridization (Q-FISH) with telomere probe
Embryos were arrested at metaphase with nocodazole (0.5 µg mL −1 ) and prepared for chromosome spreads according to the protocol described (Evens, 1987) . FISH with FITC-labelled (CCCTAA) 3 peptide nucleic acid (PNA) probe (Applied Biosystems, Framingham, MA, USA) was performed according to the manufacturer's protocol. Chromosomes were counter-stained with 0.2 µg mL −1 Hoechst 33342. Embryos were mounted onto a glass slide in Vectashield mounting medium (Vector Laboratories, Burlingame, CA, USA). Telomeres were detected using an FITC filter with a Zeiss fluorescence microscope and images were captured by an AxioCam using AxioVision 2.0 software. Quantitative analysis of telomere length was based on the criteria described (Zijlmans et al., 1997) . Background was subtracted and integrated fluorescence intensity in individual telomeres of chromosome spreads was measured to indicate the length of telomeres (Romanov et al., 2001 ).
Detection of apoptosis by TUNEL assay
DNA fragmentation was detected by the TUNEL (TdT-mediated dUTP nick end labelling) assay using the In Situ Cell Death Detection Kit (Roche Diagnostics Corporation, Indianapolis, IN, USA), according to manufacturer's instructions, and nuclei were counter-stained with 50 µg mL −1 propidium iodide (Molecular Probes) and assessed by a Zeiss fluorescence microscope. In addition, nuclear fragmentation also was used as indicative of apoptosis.
Nuclear transfer
Nuclear transfer between embryos was achieved by micromanipulation and electrofusion. Zygotes were incubated for 20 min in the Hepes-buffered KSOM supplemented with cytochalasin B (5 µg mL −1 ) and nocodazole (2 µg mL −1 ) prior to micromanipulation. Enucleation and insertion of pronuclei (karyoplast) were performed on an inverted microscope (Zeiss Axiovert 100TV, Germany) equipped with Nomarski optics and Narishige micromanipulators (Japan). Pronuclear karyoplasts coupled with enucleated cytoplasts were induced to fuse by a single DC pulse of 1.2 kV cm −1 for 60 µs following an AC pulse (5 V) for 2-3 s.
Electrical pulses were generated using a BTX Electro Cell Manipulator (ECM 2001, San Diego, CA, USA). The reconstituted embryos were cultured in KSOM for 72 h.
